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Abstract.
We present here the chemical composition of outflow from the Asian continent to the atmosphere over the western Pacific basin during the Pacific Exploratory Mission -West (PEM-West B) in February-March 1994. Comprehensive measurements of important tropospheric trace gases and aerosol particulate matter were performed from the NASA DC-8 airborne laboratory. Backward 5 day isentropic trajectories were used to partition the outflow from two major source regions: continental north (>20°N) and continental south (<20°N). Air parcels that had not passed over continental areas for the previous 5 days were classified as originating from an aged marine source. The trajectories and the chemistry together indicated that there was extensive rapid outflow of air parcels at altitudes below 5 km, while aged marine air was rarely encountered and only at <20°N latitude. The outflow at low altitudes had enhancements in common industrial solvent vapors such as C2C14, CH3CCI3, and C6H6, intermixed with the combustion emission products C2H2, C2H6, CO,  and NO. The mixing ratios of all species were up to tenfold greater in outflow from the continental north compared to the continental south source region, with 2_°pb concentrations reaching 38 fCi (10 15 curies) per standard cubic meter. In the upper troposphere we again observed significant enhancements in combustion-derived species in the 8-10 km altitude range, but watersoluble trace gases and aerosol species were depleted. These observations suggest that ground level emissions were lofted to the upper troposphere by wet convective systems which stripped water-soluble components from these air parcels. There were good correlations between C2H2 and CO and C2H 6 (r 2 = 0.70 -0.97) in these air parcels and much weaker ones between C2H2 and H20: or CH3OOH (r 2 = 0.50). These correlations were the strongest in the continental north outflow where combustion inputs appeared to be recent (1 -2 days old). Ozone and PAN showed general correlation in these same air parcels but not with the combustion products. It thus appears that several source inputs were intermixed in these upper tropospheric air masses, with possible contributions from European or Middle Eastern source regions. In aged marine air mixing ratios of 03 (=20 parts per billion by volume) and PAN (_ 10 parts per trillion by volume) were nearly identical at <2 km and 10 -12 km altitudes due to extensive convective uplifting of marine boundary layer air over the equatorial Pacific even in wintertime. Comparison of the Pacific Exploratory Mission-West A and PEM-West B data sets shows significantly larger mixing ratios of SO2 and H202 during PEM-West A. Emissions from eruption of Mount Pinatubo are a likely cause for the former, while suppressed photochemical activity in winter was probably responsible for the latter. This comparison also highlighted the twofold enhancement in C2H2, C2H6, and CsHg in the continental north outflow during PEM-West B. Although this could be due to reduced OH oxidation rates of these species in wintertime, we argue that increased source emissions are primarily responsible.
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Introduction
The eastward transport of dust-laden air from over the Asian continental and across the marine boundary layer of the North Pacific Ocean is well established [Duce et al., 1980; Prospero et al., 1985; Merrill, 1989; Merrill et al., 1989; Gao et al., 1992] . This aeolian transport occurs north of 20°N and peaks during the spring, a time period characterized by low rainfall and increased frequency of high surface winds associated with the passage of cold fronts over Asia. This transport regime, coupled with the recent accelerating industrialization of the Pacific rim region should produce significant outflow of anthropogenic emissions to the North Pacific troposphere. The sampling of these emissions and an assessment of their impact on atmospheric chemistry over the Pacific was the focus of the NASA Pacific Exploratory Mission -West (PEM-West B). nental boundary layer air to the North Pacific. The chemical composition of these aged marine air masses was characterized for the PEM-West A September to October study period .
During PEM-West
A the vertical distributions of CO, C2H6, NOx, and various haiocarbon compounds showed regions of outflow at altitudes from 8 to 12 km and below 2 km in nearshore areas. Above 10 km altitude there were substantial enhancements of many species, except water-soluble ones. In general, the chemical characteristics of free tropospheric air was consistent with a transport mechanism of wet vertical convection over the These data therefore are an important benchmark in the anticipated scheme of heightened anthropogenic activities in the Pacific rim region over the next few decades.
Experiment
The A geographic representation of the study region is shown in Figure 1 . The base of operation for these missions progressed from (1) Guam (four missions) to (2) Hong Kong (two missions) and on to (3) Yokota, Japan (four missions). Data obtained on transit flights between these locations was also utilized in this paper.
The overall scientific rationale and description of the individual aircraft missions is described in the PEM-West B overview paper [Hoell et al., this issue] . 
Formulation of Continental
Outflow Data Set
Meteorological Basis
The detailed synoptic meteorological setting leading to outflow of Asian continental air masses over the western Pacific Ocean has been described by Merrill [1989; Merrill et al., 1989] . This section provides a brief description of the large-scale meteorological features during the February-March 1994 time frame.
In the middle to upper troposphere (>500 mbar) there was strong westerly flow offthe Asian continent. This direct westerly flow was primarily confined to the 20°-50°N latitude band, with its focal point centered at 30°N. Rapid westerly flow occurred in this altitude region due to the influence of the Japan (polar) jet Kritz et al., 1990] .
Along the Pacific rim at low altitude (<500 mbar) the flow was generally westerly, being constantly diverted around anticyclones approaching from the north or south into the 20°-50°N latitude band. Direct continental outflow was sampled at low altitude (<7 km) on numerous flights flying over the western Pacific within a few hundred kilometers or less from the Asian continent. Merged data products on various other time resolutions were utilized for species with longer time resolutions (e.g., sulfur gases, acidic gases, peroxides, PAN, hydrocarbons, and aerosol species).
The hydrocarbon data are from measurements reported by Blake
For all species their limit of detection value was used for measurement periods where the mixing ratio was reported as below the limit of detection. For the two continental outflow air mass classifications presented in this paper (section 3.3) the mixing ratios of most species were generally well above their stated limit of detection. The limit of detection values were primarily utilized in the aged marine air classification database (>5 days since over land).
Classification of Database
Backward 5 [Gregory et al.,this issue] . Thus the presentation of the PEM-West B data here appears to be quite representative of tropospheric chemistry over the western Pacific basin in wintertime.
In our PEM-West
A outflow analysis, classifications were defined for <2, 2 -4, and >5 days since the air masses had passed over landmasses based on back trajectory information. Vertical grouping were for three altitude regions of<2, 2 -7, and 7 -12.5 km. We further divided the vertical air mass classifications into two groups referred to as "continental north" and "continental south." The dashed line in Figure I indicates the 20°N division between the two source regions. It is likely that the latitudinal differences in these air masses' histories exposed them to various amounts and types of continental emissions which should be reflected in their chemical compositions.
To allow direct comparison to the PEM-West A data, this same air mass classification scheme was used for PEM-West B (Figure 2 
Chemical Characteristics of Air Mass Classifications
Throughout this section we use the term "enhanced" to indicate when a species mixing ratio was greater than two standard deviations above their mean background one. We determined the background mixing ratio using the data that represent the smallest one third of the measurements at a given altitude. In most cases this produced a species vertical distribution that was synonymous with that in the aged marine air classification (i.e., air that has not passed over continental areas for at least 5 days). I  '  I  '  _  I   I  , ;
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Continental North Source Region
The largest mixing ratios of most chemical species over the western Pacific were observed at altitudes below 5 km (Table 1) These plumes also exhibited the largest ratio values for C3H_/C2I-I6 and C2H2/CO, again suggesting recent combustion emissions [McKeen and Liu, 1993; Smyth et al., 1996] . The coincident enhancements in the mixing ratios of C2CI4, CH_CCI3, and C2H 6 ( Figure  3c ) suggest that anthropogenic sources contributed significantly to the composition of the outflowing air parcels [Wang et al., 1995] .
Ozone mixing ratios at altitudes <5 km were generally 40 -45 parts per billion by volume (ppbv) ( Table 1 ). In only one case did we encounter 03 mixing ratios significantly enhanced above this range, and this occurred near Taiwan in heavily polluted air ( Figure 3a ). These same air parcels contained highly elevated mixing ratios of other photochemically produced species, including PAN, HNO3, H202, CH3OOH, HCOOH, and CH3COOH.
The vertical distribution of numerous species showed elevated mixing ratios at altitudes up to 10 km. This effect was particularly noticeable for CO, H202, CH3OOH, PAN, C2H2, C2H6, and C2C14. The outflow near 9 km altitude appears to show recent photochemical processing as evidenced by enhancements of 03, PAN, H_O2,and CH3OOH. An anthropogenic combustion influence at this altitude is also apparent given the enhancements in CO, C2H2, and C2CI4. Although there was not a significant correlation between O3 and _°Pb in these air parcels, _Be concentrations and its weak correlation with 03 (r _ = 0.49 ) are not indicative of a dominant stratospheric influence either [Dibb et al., this issue].
Aerosols and most of the water-soluble species were not enhanced in these high-altitude air parcels, suggesting that we sampled outflow from wet convection where these species were removed by scavenging processes. Since H_O_ and CH_OOH appear to be enhanced in this outflow, it is likely that at least some photochemical processing (i -2 days) occurred at high altitude. Otherwise, one would expect that HzO _ and to a lesser extent CH3OOH would have been scavenged effectively during wet convective transport. Ratio values of CH3OOH/H202 are usually >1 in air masses recently influenced (within 1 -2 days) by wet convective scavenging processes [Heikes, 1992; Talbot et al., 1996b ]. An alternative explanation for the observed species enhancements at high altitude could be transport of European emission products to the western Pacific region. Winds speeds of up to 100 m s_ were encountered in the middle to upper troposphere during flights downwind of the continental north source region. Thus [Merrill et al., this issue] indicated that these air masses had spent _2 days over the western Pacific basin since leaving the Asian continent.
Species grouping reflect (a) principal species resulting from combustion processes, (b) water-soluble species, and (c) air mass tracer species.
long-range transport of anthropogenic emissions from European and Middle Eastern source areas could reach the western Pacific in 2 -3 days, and their importance cannot be ruled out.
Continental South Source Region
There were both differences and similarities in the vertical distribution of species in air parcels advected over the continental south versus north source regions (Figures 3 and 4 ). In general, the peak mixing ratios of all species were up to tenfold smaller in the continental south outflow (Table 2 ). As we found for the continental north outflow, the water-soluble species in the continental south outflow showed enhanced mixing ratios below 6 km and low constant ones above this altitude (Figure 4b) .
A striking feature of the continental south data was the relatively constant and low mixing ratios of CO (=85 ppbv), C2H6
(=550 pptv), and CzH= (=65 pptv) in the middle to upper troposphere (Figures 4a and 4c) . The ratios C3Hs/C2H6 and C2HJCO also had relatively low values in these air masses. The composition of these air parcels were similar to what was observed in aged marine air at low latitudes over the western Pacific (Figures 6a,  6b, and 6c. ).
An important aspect of the convective activity over the equatorial western Pacific is that in the upper troposphere it appears to facilitate nucleation of CN aerosols and production of NO from lightning (Figure 4a ). Although the enhancements in these materials could be from aircraft emissions [Ehhalt et al., 1992[, our the chemical nature of these upper tropospheric air parcels. The salient relationships found in these air parcels are depicted in Figure 5a . The bulk of these data are from two plumes, with the one at 9 km being the most prominent (Figure 3 ). The remarkably good correlation between CO and C2H2 (r 2 = 0.97) indicates a strong combustion influence on the chemical composition of these air parcels. There is also a good correlation between C2H 2 and C2H6 (r 2 = 0.97) and weaker ones with H202 and CH3OOH (r 2= 0.47 and 0.62, respectively).
Together these relationships are indicative of emissions from fossil fuel or biomass burning, including space heating. Since CH3CI, a good tracer for biomass burning , was not significantly enhanced in these same air parcels, this tends to minimize the chance that this source had a strong influence on the composition of air parcels in the upper troposphere. Furthermore, because of the poor correlation of C2C14 with C2H 2 and CO (r 2 < 0.1 ; not shown), its unlikely that industrial sources had a major impact on the composition of these air parcels. It is noteworthy that there was no correlation between the combustion product species and 03 or PAN. This result suggests that the combustion influence was recent (i.e., within a day or so), with some photochemical processing occurring in this time span. parcels. We present selected species relationships in Figure 5b .
Again we found that there was a relatively good correlation
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TALBOT between C2H 2 and CO (r 2 = 0.76) and C2H6 (r_ = 0.66). In the continental south cases the air parcels are much more aged by losses from OH oxidation and dilution by atmospheric mixing processes than the comparable continental north data [McKeen andLiu, 1993; Smyth et al., 1996] . In contrast to the continental north data, the upper tropospheric continental south air parcels do not exhibit a correlation between H202 or CH3OOH and C2H 2. There was also a poor correlation between O3 and CO. One similarity between these two upper tropospheric data sets is the modest correlation between O3 and PAN, although it does not seem to be a simple linear one (r 2 = 0.36). However, in the continental south case, O 3 and C2CI 4 were anticorrelated. One possible explanation for these observations is the uplifting of polluted industrial emissions which then become intermixed with inputs of stratospheric air. However, the significant mixing ratios of H202 and CH3OOH are not explained using this scenario.
Perhaps these gas phase species were produced by extensive evaporation of polluted cloud waters in the upper troposphere over the equatorial Pacific. This mechanism could also be associated with the modest mixing ratios of HNO3 and CH3COOH in this altitude range (Figure 4b) . Such a chemical signature is et al., submitted manuscript, 1996) . In addition, CH3SCH 3 and CH31 exhibited vertical distributions similar to that of 03, with nearly identical mixing ratios in the marine boundary layer and 9 -12 km altitude [Thornton et al., this issue; Blake et al., this issue] .
Both of these trace gases are believed to have marine biogenic sources and lifetimes against OH attack of the order of hours to days [Thornton et al., this issue; Blake et al., Another important influence of these convective systems may be the generation of CN aerosols and lightning-produced NO in the upper troposphere (Figure 6a ) [Crawford et al., this issue]. These features appear to be a common characteristic of air masses over the western Pacific that cross equatorial areas. In some cases we also observed significant mixing ratios of HNO3 in the upper troposphere, possibly related to the NOx source in electrically active convective clouds (Figure 6b ). In the cold upper troposphere, HNO 3 should be removed primarily by photolysis with a lifetime of the order of a few weeks [Johnston et al., 1974; Logan, 1983] .
Like both continental source region data sets, the aged marine air cases exhibited an apparent photochemical influence near 9 km altitude. In this regard the mixing ratios of water-soluble species (Figure 6b ) appear to have been replenished compared to their abundance in the continental south data set. In fact, considerably more reactive nitrogen resides as HNO3 compared with PAN (Figure 6c) , which is the opposite of what has been observed at higher northern latitudes [Singh et al., 1992] . The exceptionally small mixing ratios of PAN above 9 km altitude Figure 7c , the grey bar represents the PEM-West A marine south data, the white bar the PEM-West A marine north data, and the PEM-West B marine (<20°N latitude) data the hatched bar. Mixing ratios of CO and O 3 are stated in parts per billion by volume, 2_°Pb in fCi scm _, and the other species in parts per trillion by volume. The data used in these comparisons were obtained from this paper, Talbot et al. [1996] , and .
most likely reflect the transport of marine boundary layer air parcels to these altitudes. Because of PAN's rapid thermal decomposition in warm air parcels, it is typically found at mixing ratios of <10 pptv in the marine boundary layer in equatorial regions [Ridley et al., 1990; Singh et al., 1990] . Furthermore, there is a limited reservoir of PAN precursors, such as acetone, in these air parcels [Singh et al., 1995] . 
Seasonal Comparison of PEM-West A and PEM-West B Data Sets

[_[_/[/['///]//''l/[['//]//[_///[/]l///_/['['_
Continental North Source Region
The most pronounced difference between the PEM-West A and PEM-West B data is centered on SO_. Sulfur dioxide mixing ratios ranged from twofold larger in the boundary layer to fourfold in the upper troposphere during PEM-West A compared with PEM-West B (Figure 7a ). This result has been attributed to the eruption of Mount Pinatubo in the Philippines a few months prior to the PEM-West A expedition [Thornton et al., 1996; Thornton et al., this issue] . During PEM-West B, SO_ mixing ratios were consistent with earlier measurements in the low parts per trillion by volume range [Maroulis et aL, 1980; Thornton and Bandy, 1993] [Crawford et al., this issue] . Indeed, the relative abundances of H_O_ and CH3OOH are believed to be a useful diagnostic for photochemical activity [Jacob et al., 1995] . Johnston, 1992] . Significant enhancements in the H2SO 4 mixing ratio would provide a favorable environment for extensive aerosol nucleation [Brock et al., 1995] . The details of this removal mechanism are discussed in a companion paper [Sandholm et al., 1996b ]. The PEM-West B study period, as evidenced by the distribution of SO 2, was a return to more normal chemical environment over the western Pacific basin. Thus HNO3 was present in larger but more typical mixing ratios [Huebert and Lazrus, 1980] .
Continental South Source Region
Since 
Aged Marine Air
To be consistent with the presentation of the aged marine air chemical composition during PEM-West A by Gregory et al.
[1996a], we divided the PEM-West B data into <3 and 3 -12 km altitude bins. During PEM-West A, aged marine air was sampled routinely, both in the continental north and in the south source regions. This provided enough data to develop chemical signatures for these two regions. In comparison, aged marine air was rarely sampled during PEM-West B and then only in the continental south region. The results of these three aged marine air comparisons are shown in Figure 7c . 
Conclusions
We have presented a summary of the atmospheric chemical composition over the western Pacific basin during the winter of 1994. Backward 5 day isentropic trajectories were used to classify the air masses into continental north or south divisions and aged marine air. Frequent rapid outflow of continental air parcels was observed, while aged marine air was rarely encountered. This is in direct contrast to what we found during PEM-West A, where aged marine air was recurrently sampled near Asia due to its advection around a persistent high-pressure system over the western Pacific.
We observed significant outflow of Asian continental emissions to the western Pacific basin below 5 km altitude. Industrial inputs to the continental north and south outflows were evident due to enhanced mixing ratios of common solvent vapors such C2C1,, CH3CCI3, and C6H 6. In the upper troposphere the region between 8 and 10 km altitude was commonly influenced by continental emissions in which water-soluble species and aerosols were depleted most likely during transport through wet convective systems. This feature in the vertical distribution of species was also prevalent during PEM-West A, suggesting that it may be persistent all through the year. Over the continental north source region these upper tropospheric air masses appeared to be composed of recent combustion inputs intermixed with photochemically processed aged industrial emissions. Inputs from combustion and industrial sources were also apparent over the continental south region, but they were well aged.
A seasonal comparison of the two PEM-West data sets revealed significantly enhanced SO 2 mixing ratios during PEM-West A, presumably due to emissions associated with the eruption of Mount Pinatubo a few months prior to that expedition. A similar trend was exhibited by H202 and CH3OOH, apparently driven by suppressed photochemical activity during wintertime.
Another pronounced feature was the twofold increased hydrocar- 
